Abstract: Paramagnetism causes broadening of the NMR lines and therefore makes dif®cult the detection of the constraints (NOEs and 3 J) which are necessary for the determination of solution structures. The broadening is due to the fast nuclear relaxation rates, which are induced by the coupling of the nucleus with the unpaired electrons. Nevertheless, an NMR methodology has been developed, allowing the detection of classical constraints. This has allowed us to solve the ®rst solution structure of a paramagnetic metalloprotein in 1994. Since then, several solution structures of paramagnetic proteins have appeared. In addition, paramagnetism has been exploited in order to obtain new, nonclassical constraints. First, the nuclear relaxation has been exploited to obtain metal±proton distances. The position of nuclei with respect to the magnetic susceptibility tensor axes has been determined by the use of pseudocontact shifts. The contact shifts have been used as constraints after discovering or con®rming the shift dependence on dihedral angles. Paramagnetic molecules can be strongly magnetically anisotropic and therefore display partial orientation in strong external magnetic ®elds. These orientational effects result in dipolar contributions to the 15 N-1 H 1 J coupling. Such contributions can yield powerful structural constraints. In summary, the solution structure of many paramagnetic metalloproteins has been solved and described, and several new strategies have been developed for such solution structure determinations.
INTRODUCTION
The scienti®c community is facing the discovery of a very high number of protein sequences as a consequence of genome sequencing projects. In the gene bank <http://www.ncbi.nlm.nih.gov/Entrez/Genome/org.html> the complete sequences of the genome of 22 bacteria and archea, and 2 eukaryota are available. A simple genome like that of E. coli consists of 4639 221 base pairs, and contains 4288 protein-coding genes (87.8% of the genome). The average size of these proteins is 317 amino acids (< 35 000 Da) [1] . These proteins, which are central to the biochemistry of life, should be structurally characterized. The structure of a protein can be solved through X-ray crystallography or through NMR spectroscopy. In the latter case these is the severe limitation of the low limit of molecular weights accessible (about 35 000 Da [2] ), but there is the advantage of determining the structure in an environment similar to the physiological one and of being able to monitor the interaction of the protein with other biomolecules, as well as its mobility.
The solution structure is obtained by measuring a suf®cient number of proton±proton distances and of protein dihedral angles [3] . From the known primary structure, computer programs generate a random 3D structure, which is adjusted until it satis®es all the experimental structural constraints within a given tolerance, yielding the solution structure [4, 5] . If another structure is calculated starting from a different randomly generated structure, it will be different from the previous one, to a degree depending on the tolerance and the number of constraints used. In general it is preferred to have a large number of constraints and to use a relatively large tolerance in order to minimize the effects of possible problems in the calibration of the constraints. As a result, a family of conformers is obtained whose root mean square deviation (RMSD) of the atom coordinates, calculated after best ®tting, tells us what is the resolution of the structure. The local RMSD value varies along the polypeptide chain. High local RMSD values can be due to the lack of experimental constraints, to actual disorder of the structure in solution or both.
THE CASE OF METALLOPROTEINS
Metalloproteins, which are a signi®cant share of the total, can be paramagnetic or diamagnetic. The metal nucleus can be studied by NMR only if it is magnetically active and sensitive enough. This is the case for 195 [12] , and lanthanides, which can substitute Ca 2 in calcium-containing metalloproteins [13±15]. They have unpaired electrons, which cause enhancements in nuclear relaxation and tend to hamper the detection of the connectivities among nuclei, which are necessary for the obtainment of structural constraints. Few laboratories in the world are engaged in overcoming these drawbacks and in developing NMR experiments tailored for paramagnetic molecules. As a result of these efforts, several systems containing the above metal ions can be painfully investigated, whereas Mn 2 containing proteins are still prohibitive. The feasibility of NMR spectroscopy essentially depends on the electron relaxation times, which are long for the last metal ion (of the order of 10 À8 s). High resolution NMR is only feasible when the paramagnetic metal ion has short electron relaxation times (roughly in the 10 À10 ±10 À12 s range) [16, 17] .
Actually, the nuclear relaxation enhancements and the paramagnetic contribution to the chemical shift generated by unpaired electrons can be used to obtain further structural constraints. The ®rst solution structure of a paramagnetic metalloproteins appeared in 1994 [18] and was further re®ned in the following years [19±21] . The protein contains a [Fe 4 S 4 ] 2 cluster, which is slightly paramagnetic (m eff per Fe 0.85 BM) [22] , but the protons of the metal-coordinated cysteines relax very fast (the b protons have T 1 s of the order of 5±10 ms) [23] . About 13 meaningful NOEs per residue were obtained together with a total of 45 constraints for the backbone f dihedral angle (from 3 J HNHa and 3 J HNC H values), and 26 constraints for the side chain x 1 dihedral angle (from 3 J HaHb and 3 J NHb values) [21] . Dihedral angle constraints were estimated also for the Fe-Sg-Cb-Hb moieties, according to the following equation [24] 
hyp is the hyper®ne shift of the Hb protons of the metal-coordinated cysteines, a 10.3 6 0.9, b À2.2 6 0.4 and c 3.9 6 0.5 [25] . The values of a, b and c were determined by best ®tting the d 2 -containing proteins to the dihedral angle values measured in the corresponding solution or solid state structure [24, 25] . Finally, 58 constraints based on the nuclear relaxation enhancement were included after a critical evaluation [21] . The longitudinal relaxation rate enhancement of the I-th proton, R I , is proportional to the sixth power of the reciprocal distance between the nucleus and the n-th iron ion (r In ) [26] :
where the summation is extended to all the metal ions. K is a constant whose value is empirically obtained through calibration. It should be noted that in the present case all Fe ions are equivalent [27] and thus only one K-value is needed. More generally, each paramagnetic metal ion will have a different Kvalue [28] . The experimental nuclear relaxation rate is the sum of the above mentioned paramagnetic contribution (Eqn 2) plus a diamagnetic contribution [21, 29, 30] . A procedure was suggested to estimate the average diamagnetic contribution, which is subtracted from the experimental rate. The results were analyzed through a relaxation matrix method [30] . It was found that for geminal protons experiencing a large R I contribution, Eqn 2 may not hold strictly because of cross relaxation [31, 32] , but the error induced in structure calculations is negligible for the majority of protons [30] . For structure calculations, some Fe-Fe and Fe-S distances had to be taken from structures determined through X-ray crystallography ( Table 1 ). The obtained family of conformers was then re®ned through MD [33] .
Many Fe-S proteins have then been studied with similar procedures, including the HiPIP from C. vinosum [34, 35] , the Fe 8 S 8 ferredoxin from C. pasteurianum [30, 36] ferredoxins, the rubredoxin from C. pasteurianum [44] , and some mutants of the above proteins [45, 46] . Many paramagnetic cytochromes have also been studied (recently reviewed in [47] ). They bind one or more heme cofactors, containing a low spin iron(III) with one unpaired electron. In the idealized tetragonal symmetry they have the electron distribution reported in Fig. 1 . However, the imidazole ligand is asymmetric and splits the two degenerate d orbitals. In this way the unpaired electron occupies one orbital or another depending on the orientation of the axial ligands. As a result a relationship, although complex, is expected between such orientation and the g-values, the magnetic susceptibility (x) anisotropy, the principal directions of the corresponding tensors and the chemical shifts of the protons and carbons of the heme moiety. Such a relationship has been proposed for cytochromes having two histidines or one histidine and a cyanide ion as axial ligands [48] .
The occurrence of magnetic anisotropy causes the dipolar coupling between the electron and the resonating nucleus not to average to zero in solution [49] . This is because the electron magnetic moment changes with the orientation of the molecule with respect to the external magnetic ®eld. This residual dipolar coupling provides a contribution to the nuclear chemical shift which is called pseudocontact shift (pcs). It is easily determined by measuring the chemical shift of the nuclei close to the iron but separated from it by enough chemical bonds that there is no unpaired electron spin density delocalized from the iron ion. To obtain the pcs values from these shifts it is necessary to subtract the corresponding shifts measured in an otherwise identical diamagnetic analog. Pcs depend on the magnetic susceptibility anisotropy, and on the polar coordinates of the resonating nucleus with respect to the system of coordinates formed by the principal directions of the magnetic susceptibility tensor, according to the following equation [49] : are the axial and the rhombic anisotropies of the magnetic susceptibility tensor of the metal ion (x metal ), r i is the distance of the nucleus i from the metal ion, and u i and f i are polar coordinates describing the position of the observed nucleus in the axis system of the above tensor. Pcs are precious long-range constraints. As shown in Fig. 2 , pcs allow a better re®nement of the structure; indeed one more a-helix is observed in the structure of oxidized horse heart cytochrome c (the constraints used to obtain the structure are summarized in Table 2 ), which was not regularly folded without pcs constraints [50] . Furthermore, pcs allow the framing of the metal ion inside the protein part (Fig. 3) . Protocols are available for the use of pcs in solution structure determination [51±53].
As a result of the application of pcs, information on the magnetic susceptibility tensor of the metal (x metal ) is obtained. In Fig. 4 the principal directions of the magnetic susceptibility tensor are shown for horse heart cytochrome c, together with the anisotropy values [50] . The occurrence of magnetic anisotropy implies that the molecular tumbling in solution is not random anymore at high magnetic ®elds. Instead, a partial orientation occurs [54, 55] . This provides dipolar couplings between nuclei values different from zero: they are called residual dipolar couplings (rdc). They can be detected conveniently by measuring 15 N-1 H 1 J values at variable magnetic ®elds [56] . Since the partial orientation depends on the square of the external magnetic ®eld, then the dipolar contribution to the 15 N-1 H coupling will vary accordingly [56, 57] . A study is available for oxidized rat cytochrome b 5 [58] . Differences between the 15 N-1 H 1 J couplings measured at 500 and 800 MHz as large as < 1 Hz were experimentally found. This allowed us to obtain an alignment tensor and the orientation of each N-H vector in the system of coordinates of the alignment tensor through the following equation [56±58]:
where Dx , and u i and f i are polar coordinates describing the orientation of the i-th N±H bond vector in the axis system of the alignment tensor. The structural constraints actually used are the differences between values at two different ®elds (Drdc). Actually, Eqn 4, which is similar to Eqn 3, is used for structure determination. Here 15 N-1 H 1 J values must be corrected for the ®eld dependence of the dynamic frequency shift of 15 N, which also concurs to the determination of the measured 1 J value [57] . NOEs, PCS and 15 N± 1 H Drdc constraints are compatible, and can be used simultaneously as shown in Table 3 . The addition of a set of constraints does not induce any signi®cant increase of the violations in the other set of constraints. As a result of the use of 15 N-1 H rdc, the alignment tensor is obtained, which is just the molecular magnetic anisotropy (Dx mol ). This is different from the magnetic anisotropy obtained from the use of pcs, which is due only to the metal (Dx metal ). x mol is the sum of x metal plus x dia , where the latter parameter is the magnetic susceptibility tensor of the diamagnetic molecule. Dx dia was experimentally obtained by performing the same measurements on reduced cytb5 [58] . Here the magnetic anisotropy is essentially due to the ring current of the heme, and to the C(O)NH moieties, whose anisotropies in helices sum up. Indeed, cytb5 has four almost parallel helices, whose axis is nearly parallel to the heme plane. The anisotropy values and principal directions of x mol , x metal and x dia are reported in Fig. 5 [58] .
CONCLUDING REMARKS
It is shown here that it is possible to solve the solution structure of paramagnetic metalloproteins, provided that the linewidth is not too severely affected. In this case new constraints can be used, which are based on the resonating nucleus-unpaired electron(s) interaction, and allow the localization of the metal ion within the protein frame. The observability of the NMR signals depends on the electron relaxation times, which on their turn are determined by the nature of the metal ion and of the ligands [16, 17] . Its understanding is of course of help. For example, tetrahedral cobalt(II) provides broad NMR lines, whereas octahedral cobalt(II) provides sharp lines [16] . Copper(II) in blue copper proteins can be affordable, whereas the same ion in type II coordination becomes prohibitive [16, 59] . Polymetallic centers often have favorable electronic relaxation times, and therefore ferredoxins are more easily amenable to NMR investigation than rubredoxins, which contain a single iron ion [17, 60] . 
